Abstract
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Introduction
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The Swedish soil fertility experiments represent a unique set of field plots for assessing the long-80 term effects of fertilization on soil-chemical properties (e.g. Börling et al., 2001; Carlgren and 81 Mattsson, 2001; Gustafsson et al., 2012) . At several sites, soil plots have been amended with 82 different levels of nitrogen (N), P, and potassium (K) fertilizers for periods of 40 to 60 years.
83
Recently, the P speciation of selected sites was studied by means of 31 P NMR spectroscopy 84 (Ahlgren et al., 2013) . According to this study, neither the absolute amounts nor the speciation of 85 organic P changed as a result of fertilization, suggesting that added P was accumulating as 86 inorganic P species. This result agrees with a similar study conducted in Finland (Soinne et al.,
.
89
The aim of our investigation was to evaluate changes in P speciation due to long-term 90 fertilization of some fine-textured agricultural soils, and we used P K-edge XANES 91 spectroscopy. That is, our objective was to determine how added P was bound. Soil samples from 92 the long-term Swedish soil fertility experiments were used, which have been extensively 93 characterized in earlier studies (Börling et al., 2001; Djodjic et al., 2004; Svanbäck et al., 2013) .
94
Moreover, detailed speciation of organic P using 31 P-NMR has already been analyzed for these 95 soils (Ahlgren et al., 2013) , and our XANES analysis should be more sensitive to differences in 96 inorganic P species. were analysed for bulk and clay mineralogy using X-ray diffraction (Hillier, 1999; Hillier, 2003; 7 
Soil characterization
135
The particle size distribution was analyzed according to Gee and Bauder (1986 The quality of synchrotron P K-edge XANES data from soil samples depends on the total soil P 165 concentration, the intensity of incident synchrotron X-rays, the sensitivity of the fluorescence 166 detector used, and concentrations of other elements such as Si that contribute to the total 167 fluorescence signal to the detector. To improve the quality and reliability of our data, we 168 collected XANES data on clay fractions separated from our fine-textured soil samples taken from 169 the long-term fertility experiments. Williams and Saunders (1956) found that the majority of soil 170 P in fine-textured soils is associated with the clay fraction.. Our clay-fraction samples were 171 packed into wells of acrylic holders (sample volume of 15 x 6 x 1.5 mm; w x h x d), and the 172 surface was smoothed with a spatula and covered with 5 µm-thick polypropylene X-ray film 9 (Spex Industries, Columbia, IL). The P K-edge XANES data were collected at Beamline X-15B of the National Synchrotron Light Source at Brookhaven National Laboratory.
176
An Si(111) monochromator crystal was used, and the flux was approximately 1·10 12 photons s -1 .
177
The beam was focused to approximately 1.1 mm diameter with focusing mirrors. Fluorescence 178 signals were collected in a He atmosphere using a single-element solid-state Ge detector. The 179 energy was calibrated to 2151±2 eV at the 1 st -derivative maximum of a hydroxyapatite standard.
180
Scans were recorded within the energy range of 2100 to 2470 eV. The step size was varied as 
Phosphorus K-edge XANES data analysis
190
All data analyses were performed using the Athena software in the Demeter suite of programs spectra and therefore to include in the fit, target transformation was performed using the same 212 software. To quantitatively estimate P speciation, LCF analysis was performed. However,
213
because of the relatively low signal-to-noise ratio in the data and the insensitivity of P K-edge 214 XANES analysis to different species, a maximum of three standards were used in each fit 215 (Beauchemin et al., 2003) . To limit the number of standards in the LCF analysis, we excluded 216 standards with the lowest probability to account for the variation based on target transformation.
218
Two approaches to fitting were used: (1) sample spectra from unfertilized plots were fit with all 219 standards selected from the target transform; and (2) the best-fit model spectrum generated for 220 the unfertilized samples was included as one standard when fitting the sample spectra from 11 fertilized plots. The latter approach assumes that the speciation of the initial soil P did not change The concentrations of ammonium lactate-and oxalate extractable P increased after fertilization 233 for all soils (Table 1) . This trend suggests an increase in inorganic P in adsorbed or mineral 234 species, which are expected to be dissolved by acid extractants (e.g. Hartikainen et al., 2010) .
236
The greatest relative increase of extractable P following fertilization was observed in the soil 237 from Ekebo. The smallest change was observed in the soil from Fors, which also had the highest 238 content of PsTotP ( 
Phosphorus speciation in unfertilized samples
246
Linear combination fitting analysis on clay fractions from the samples with no added P showed 247 that P speciation differed between soil samples from different sites ( Figure 1 and Table 2 ).
248
Calcium phosphate (apatite) was observed in the best fit for all samples, except for the Ekebo and
249
Fjärdingslöv samples. The Ekebo sample had the lowest pH of all samples (5.9-6.1). However,
250
despite the low pH, Ca phosphates were fitted to the data in two of the five best fits; hence the 2).
274
For the clay fractions from the unfertilized Bjertorp and Fjärdingslöv samples the majority of the 275 P was bound to Fe (hydr)oxides. The molar ratio of oxalate-extractable P to Fe in these soils was 276 rather low (<0.08) indicating additional capacity for adsorption of phosphate to Fe (hydr)oxides.
277
The soils from Kungsängen and Ekebo had a P to Fe ratio higher than 0.08 in the oxalate extract; 278 however in these soils less P was bound to Fe (hydr)oxides according to the XANES analysis 
Phosphorus speciation in fertilized samples
288
For most samples the standard spectra giving the best fit for the phosphate added by fertilization 289 was phosphate bound to Al (hydr)oxide (boehmite) or to Al-treated peat ( Figure 1 and Table 3 ).
290
The Vreta Kloster was an expection; here the P added by fertilization seems to have been bound 291 as apatite. Although 20 % vivianite was fit to the XANES spectra for the Kungsängen sample
292
( Figure 1 and 
4.1.Phosphorus in clay fraction compered to soils
306
In this study, the clay fraction was used for the XANES analyses instead of the bulk soil sample.
307
It has earlier been shown that a majority of the phosphorus is commonly found in the clay 308 fraction (Williams and Saunders, 1956 ). The P speciation in the clay fraction may, however, not 309 be identical to the one in bulk soils for the following reasons: (1) The isolation of the clay fraction may also by itself affect the P speciation, but for P this effect 321 seems to be smaller than that of, e.g. sulfur (Prietzel et al., 2007) . In addition, no chemical pre-
322
treatment was used in our method as described by Hillier (2003) . Further, our study confirms that a large part of the soil P is adsorbed to Al and Fe (hydr)oxides.
331
The results also agree with those of Khare et al. (2004) , who showed that phosphate is commonly 332 bound to both Al and Fe (hydr)oxides when they occur in a mixture. such as biotite or magnetite may also be dissolved in this extraction (Parfitt and Childs, 1988) .
337
Concerning the Al phases the question remains even more open: allophane, amorphous Al 338 (hydr)oxide or hydroxy-interlayered Al phases all seem to be possible candidates.
Speciation of P in fertilized soils
16
The XANES fitting results suggest that P added to the soils through fertilization was adsorbed 342 mainly to the Al phases. This is consistent with earlier studies showing a strong correlation 343 between extractable Al and P in Swedish agricultural soils (Börling et al., 2004; Ulén, 2006) . In 344 addition, our results confirm earlier NMR spectroscopic results showing that P added with 345 fertilization is bound as inorganic forms in these soils (Ahlgren et al., 2013) . Khatiwada et al.
346
(2012) showed that directly after fertilization of a silt loam, P was mainly found as Ca phosphates
347
(which was the fertilizer) but after six months it was recovered primarily as an adsorbed phase.
348
Other studies have shown that added P was precipitated as Ca phosphates in soils with high pH It is clear both from this study and from earlier modeling studies (Cui and Weng, 2013; 362 Gustafsson et al., 2012) that the oxalate extractable Al in agricultural soils may represent a highly 363 reactive P-sorbing phase, probably because of a high surface area and a high affinity for P. Thus to derive better mechanistically based geochemical models that can predict P sorption/desorption 365 and leaching patterns, more emphasis should be placed on understanding the interactions between
366
Al and P in agricultural soils. Table 2 583
Phosphorus speciation in clay fractions from unfertilized soils as evidenced from linear 584 combination fitting of XANES spectra. The five best fits are numbered from 1 to 5 in italics. Table 3 587
Phosphorus speciation in clay fractions from fertilized soils as evidenced from linear combination 588 fitting of XANES spectra. The five best fits are numbered from 1 to 5 in italics.
